Purpose In the almond industry, the major by-product is the shell, the woody outer layer of the almond fruits. The goal of this research was to study the consequence of the incorporation of almond shell to cultivation substrates on green bean plant grown in a growth chamber. Methods Almond shell was mixed with peat (20%:80%) (AS), or used as mulch (AM) on top of the control (C) substrate (33.3%:66.6% vermiculite and peat). Evaluated parameters included green bean pod production and characteristics and their biochemical parameters, namely pigments, total phenolics and antioxidant activity, and soluble sugars and proteins, but also leaf gas exchange parameters. Results The use of almond shell as a mulch resulted in unexpected higher crop growth rate, relative leaf growth rate, and leaf area index, with similar production and dimension of pods, when compared to the control assay, with comparable amounts of phenolic compounds, antioxidant capacity, and soluble sugars and proteins, even if gas exchange parameters were negatively affected. By other hand, the data from the almond shell:peat mixture indicate important increase of carotenoid content, contrasting to the control substrate. Conclusion These results indicate that almond shell has some potential as growing medium for green bean cultivation, when mixed with peat or used as a mulch.
Introduction
According to FAO (FAOstat 2016) , production of almond [Prunus dulcis (Mill.) D.A. Webb] with shell, in 2013, was above 2.9 million tonnes. The shell can represent as much as 70% of the weight, and indicates a large quantity of byproducts that is produced by this industry (Ledbetter 2008) , being primarily made of cellulose, hemicellulose, and lignin (Valverde et al. 2013) . This large amount of material has no economically and straight-forward important use, being either incinerated or discarded or using more complex approaches, used as substrate for xylose production (PouIlinas et al. 1990 ), furfural (Quesada et al. 2002) , or cellulose, pentosans, and lignin (Martinez et al. 1995b ). Other uses include its ability to absorb heavy metals or dyes, the presence of characteristics that allow its conversion into activated carbons, extracted to yield antioxidants, or to be used as a growing medium for plants (Esfahlan et al. 2010) . Regarding this specific use, some works are available concerning the use of almond shell for pot cultivation of ornamental or horticultural plants (Lao and Jiménez 2004a; Urrestarazu et al. 2008 ), but, little or no reports concerning the applicability of this by-product as a substrate for green bean cultivation are available. This culture-green bean (Phaseolus vulgaris L.)-is a key greenhouse crop worldwide and is widely cultivated in the Mediterranean countries. However, studies lack regarding soilless (either hydroponic culture or substrate culture) growing conditions (Bouchaaba et al. 2015) . In a previous work by our group, we found some detrimental outcomes of the presence of almond shell in substrates used in green bean cultivation (Oliveira et al. 2017) , but, at a leaf level, but few is known about its effects on plant and pod characteristics. Hence, the goal of this study was to appraise the possibility of use of almond shell incorporated as substrate or mulch for the growth of green bean in soilless conditions. To perform this evaluation, several parameters were measured, including leaf gas exchange, production, pod characteristics, and biochemical parameters of green bean cultivated on several almond shell-based substrates.
Materials and methods

Substrates
Three different substrates were prepared, in different volumetric ratios, to analyze the effect of almond shell for green bean cultivation. The control (C) substrate was a mixture of 33.3%: 66.6% of vermiculite and peat. The almond shell (AS) substrate was made of 20% shell and 80% peat, which has proved to increase height, dry and fresh weight of roots and shoots, and nitrogen foliar level of other plants (Lao and Jiménez 2004b) . Almond shells were also used for mulching (AM), and in this case, the C substrate was covered with 1 cm of mulch from almond shell. Cracked shell size ranged from 0.5 to 2 cm, after cracking, by hand, using a conventional hammer. Almonds, in a mixture in equivalent volumetric ratios, were from the traditional Portuguese cultivars, namely Amendoão, Bonita, Casanova, Pegarinhos, and Refêgo.
Growth conditions
The trial was designed as a complete randomized design of five replications for each treatment. Pots were randomly placed in the growth chamber, and each treatment was arbitrarily assigned to a pot. Green bean (Phaseolus vulgaris cultivar "Saxa") seeds, uniform and pre-germinated (one per pot) were sowed in plastic pots (13 cm diameter, 12 cm height) and the respective substrate. The assay was carried out in a walk-in growth chamber (FitoClima 10000 EHHF, Aralab), using controlled climate conditions: 16 h and 23 °C for light period and 8 h and 18 °C of temperature for dark period, and photosynthetic photon flux density of 300 µmol/m 2 s −1 . Relative humidity was kept at 75% during the light period and 80% during the night. Watering was performed once a week, at field capacity of tap water, or using standard Hoagland solution (Hoagland and Arnon 1938) at 15 days, 30 days, and 45 days after sowing. At 60 days after sowing, total number of pod per plants was evaluated, and a harvest of pods was performed. Only pods visually considered suitable for consumption were collected, measured, and weighted, while immature pods were not collected. For each substrate, pods were collected from five homogeneous plants. The pods from each substrate were pooled together, deep-frozen in liquid nitrogen, and stored at − 80 °C waiting analysis. Plants were also analyzed as previously referred, and several physiological plant growth indexes were calculated: crop growth rate (CGR), leaf area index (LAI), leaf area ratio (LAR), leaf mass ratio (LMR), net assimilation rate (NAR), relative leaf growth rate (RLGR), and specific leaf area (SLA).
Leaf gas exchange
The photosynthetic rate (A), stomatal conductance (g s ), intercellular CO 2 concentration (C i ), and transpiration rate (E) were calculated using data collected using a Infrared Gas Analyser System LCA-3 (ADC, England) and the equations of von Caemmerer and Farquhar (1981) . Intrinsic water-use efficiency was according to Düring (1994) . Measurements were performed 60 days after sowing, and under an average photosynthetic photon flux (PPFD) of 1434 µmol photons m −2 s −1 and external CO 2 concentration of 411.1 ppm, with mean ambient temperature of 19.79 °C, using an Infrared Gas Analyzer System LCPro-SD (ADC Bioscientific Ltd., UK).
Photosynthetic pigments
Samples for the analysis of photosynthetic pigments were prepared by grounding pods (including the seeds) in liquid nitrogen. Extraction was performed with 80% (v/v) acetone (distilled water), and using the methods of Sesták et al. (1971) and Lichtenthaler (1987) , respectively, for chlorophyll (Cla and Clb) and total carotenoids.
Soluble proteins
Samples for the quantification of soluble proteins were homogenized in a grinding medium containing 50 mM phosphate buffer (pH 7.5), 0.1 mM ethylenediaminetetraacetic acid (EDTA), 100 mM phenylmethylsulfonyl fluoride (PMSF), and 2% (w/v) polyvinylpyrrolidone (PVP), with centrifugation at 22,000g for 30 min, at 4 °C. Reading was recorded at 595 nm, using bovine serum albumin (BSA) standard (Bradford 1976 ).
Soluble sugars
Carbohydrate content was measured using the methodology of Irigoyen et al. (1992) , through heating (80 °C) samples in 80% (v/v) ethanol/distilled water solution, for 1 h. Afterwards, 0.2 mL of previous extract and 3 mL of anthrone were mixed and putted in a water bath at 100 °C, during 10 min. The liquid fraction was used for soluble sugar quantification, using glucose as standard.
Total phenolics
The procedure of the Folin-Ciocalteu method, modified by Tsao et al. (2003) was employed to quantify the phenolic compounds, using the same extracts obtained for the quantification of photosynthetic pigments. Gallic acid was used as a standard.
Antioxidant activity
The same extracts obtained for the quantification of photosynthetic pigments were used for the evaluation of the antioxidant activity. Three methodologies were used, namely the DPPH (2.2-diphenyl-1-picrylhydrazyl) radical scavenging activity, ABTS ·+ [2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid], and the FRAP (ferric reducing/antioxidant power) assays, according to Huang et al. (2005) and references therein. All results are expressed as µmoles of Trolox equivalent (TE) per gram of fresh sample.
Statistical analysis
Results are presented as mean ± standard deviation of five replicates, presented by fresh weight (FW) of green bean pods. Analysis of variance (ANOVA) was used to detect differences among means, using SPSS (Statistical Package for Social Sciences) software, version 19.0 (IBM Corporation, New York, U.S.A.) software. The ANOVA requirements, namely the normal distribution of the residuals, by means of the Shapiro-Wilk's test, and the homogeneity of variance, using the Levene's tests, were evaluated. Dependent variables were analyzed using ANOVA with or without Welch correction, depending if homogeneity of variances was observed or not. If statistical significant effect was found, comparison of means was performed using Tukey's honestly significant difference multiple comparison test if equal variances could be assumed or Dunnett T3 test depending if not. All statistical tests were performed at a 5% significance level.
Results and discussion
Plant growth parameters, production, and pod dimensions
After the assay, no significant differences were found for the productivity of plants. Using the AS substrate, a lower productivity compared was registered, but without significant statistical differences for the other substrates (Table 1) .
Other works with mulching (although not with almond shells) also show some beneficial effects of mulches in green bean pod production and dimensions, although linked to water levels inputs (Onder et al. 2006) . Similarly, the number of leaves was statistically comparable in all the treatments. Plants were considerably smaller when grown in AS substrate, while the use of AM led to an increase of height regarding the control substrate. This is further noticed on the data regarding plant biomass, considerably higher in plant grown in the AM substrate. After collecting the pods that were visually considered suitable for consumption, significant differences caused by the use of different substrates were observed, for pod weight, length, and in the number of bean in each pod (Table 1) . For pod dimension (weight and length), significant differences were observed only between the AS and the other substrates. In fact, in the AS substrate, pods presented, at least, 50% less weight and were 25% smaller in length. When analyzing the results for the number of beans per pod, the AS substrate presented again the lowest value. However, for this parameter, the statistically significant differences were only observed when comparing with the C. These results are most likely due to the effect caused by the incorporation of the almond shell on the physical properties of the substrate. In fact, Lao and Jiménez (2004a) have showed that the use of a similar substrate (20% shell of the same approximate size as the one used in the present work-0.5-2 cm, and 80% peat), when compared to a 33.3% expanded clay and 66.6% peat substrate, reduced the substrate air content, that can lead to problems for the plant to get the oxygen necessary for metabolic activity. These same authors indicate that the AS substrate increases the electric conductivity, reducing the cation exchange capacity, to values, of both parameters, that can be adverse for plants with sensitivity to salinity, as green bean is or outside the recommended limits for cultivation in substrate (Pessarakli 1993) . Regarding the plant growth indexes (Table 2) , although LAR, LMR, and SLA did not show significant differences between plants grown in different substrates, variations were found for CGR, LAI, and RLGR. In these parameters, plants grown in AM presented higher values. For RLGR, statistical differences were only recorded between plants grown in AM and C substrate. In fact, in the AM substrate, plants presented around or over two times the values for CGR, compared to C substrate, which may indicate, according to Bergamaschi et al. (1988) , a higher availability of water in the substrate, but also resulting from increased ability to intercept light for photosynthesis. This latter factor is most likely to be the one responsible for this increase of CGR, as calculated LAI is also higher in plants grown in the AM substrate. Again, values for those plants are, at least, two times higher to those recorded in plant grown in the other substrates, as a result of higher leaf area (data not shown), which could lead to a higher ability to intercept light and to perform photosynthesis. Furthermore, high CGR results in the allocation of more nutrients to plant structural and protective functions, reducing those available for photosynthetic roles which, as a result, leads to higher LAI, to compensate those lower leaf photosynthetic capacity (Hirons and Thomas 2017) and, for green bean, a strong relationship between LAI and intercepted photosynthetically active radiation (PAR) has been recorded (Kellman 2008) . As referred before, RLGR only differed significantly from plant grown in AM and C substrate, showing that, for the control substrate, leaf expansion was lower, while the other substrates presented a similar level. For all these parameters, the mineral composition of almond shell can also be responsible, to some extent, for some of the recorded results. When in non-saline stress conditions, green bean plants use NO 3 -N rather than NH 4 -N for synthesis of proteins, and, ultimately, for plant development and growth. Almond shell has been reported to contain both NO 3 -N and NH 4 -N (Valverde et al. 2013) , and the increase of plant and pod biomass recorded for AM could indicate that NO 3 -N from shells may have been available for plant absorption in higher concentration than in AS substrate, (although keeping in mind that mineral composition of the shell used in the present work was not known). The previous works show that high concentrations of NH 4 + led to a reduction of growth and yield when compared to the presence of NO 3 (Harada et al. 1968) . Similarly, the results recorded for AS appear to indicate that plant are under salinity stress, as it has been reported that this factor can cause the reduction of growth and dry-matter accumulation (Taïbi et al. 2016 ), linked to cell elongation inhibition (Bandeoglu et al. 2004 ). However, and considering the results of leaf gas exchange measurements, other factors rather than salinity issues may be responsible for this lower growth and yield of AS. Furthermore, the AS substrate may present a higher C/N ratio than C or AM substrates, a fact that will also affect plant growth. Indeed, the C/N ratio of a similar growth substrate as AM (Lao and Jiménez 2004a) was high, and increases of this value result in plant growth reduction.
Leaf gas exchange, photosynthetic pigments, soluble sugars, and proteins
Leaf gas exchange parameters recorded in plants showed significant differences in A and E, (Table 3) , while the other parameters (g s , A/g s, and C i ) were similar between substrates.
For the statistically different parameters, lower values were recorded in plants grown in the AM substrate, especially when compared to those of the AS substrate, which registered higher values. As referred before, for plant growth and production, it appears that salinity issues may not be responsible for the observed results. In fact, if such was true, data from leaf gas exchange should show a reduction in A and E in the AM substrate. This would be due to the fact that salinity can result in stomatal closure and reduction in Table 2 Influence of the substrate on green bean plant growth parameters 60 days after sowing Values expressed as mean ± SD (n = 5). Values within a column followed by the same letter are not significantly different at P < 0.05. CGR crop growth rate, LAI leaf area index, LAR leaf area ratio, LMR leaf mass ratio, NAR net assimilation rate, RLGR relative leaf growth rate, SLA specific leaf area photosynthesis (Bayuelo-Jiménez et al. 2003) , which, actually, did not occur in this substrate, but rather in the AM substrate. These results are most likely linked, to some extent, to the water availability in each of the substrates and its connection to leaf gas exchange. The AS substrate is likely to have a much higher water content and easily available water, as previously reported (Lao and Jiménez 2004a ) than the C substrate, as well as in the AM, where some of the water will be retained in the almond shell layer (Jafari et al. 2012 ) the reduction of A and E due to some water stress cannot be discarded.
As the green colour has been recognized as quality parameter of bean, it is of great importance its evaluation, namely chlorophyll content appraisal. The use of different substrates resulted in significant variations on the content of photosynthetic pigments present in the green bean pods (Table 4) .
The content of chlorophyll can be considered similar to those previously reported in green bean pods (Gross 1991) . For chlorophyll a, the AS substrate presented highest values, while, for chlorophyll b and total chlorophyll, this substrate had similar amount than those recorded for AM. Although the substrate conditions cannot be discarded as a factor that caused these differences, there may be other explanations for this fact: pods were collected when visually ready for harvest, but minor differences between developmental stage may have occur (not detected at harvest), which have been reported to cause differences in the chlorophyll content of green bean pods (Martinez et al. 1995a ). Although few is known regarding chlorophyll content of green bean pods, the other studies show that it decreases, in leaves, with salt stress (Taïbi et al. 2016) , while the use of foliar application of salt antioxidants increases pod content of chlorophylls (Shokr et al. 2014) . For carotenoid content, the pods collected from control plants presented the lower values, with AM presenting a statistically similar content. By other hand, there was a considerable increase on the content of carotenoids in the pods collected from the plants grown in AS. The values recorded in these samples are similar to those that have been found in the other works (Oruña-Concha et al. 1997) . This is a very interesting result, since carotenoids are compounds of interest as vitamin A precursors. Furthermore, they are also antioxidants, protecting cells and tissues from damaging effects of free radicals and singlet oxygen (Maiani et al. 2009 ). The increase of the carotenoid content in pods from plant grown in substrates containing almond shell may be related to a higher availability of nutrients. In fact, López et al. (2014) have shown a higher content of N and K in soil with mulching, using almond shell, and the presence of these nutrients has been linked to an increase on the carotenoid content of fruits (Fanasca et al. 2006 ). In addition, the presence of K, Ca, Mg, or Zn in foliar sprays also led to an increase of carotenoid content in green bean pods (Shokr et al. 2014) .
Furthermore, the use of almond shell has been proved to increase the electric conductivity of substrates and nutrient solutions (De Lucia et al. 2011; Valverde et al. 2013; López et al. 2014) , which may also lead to an increase on Table 3 Influence of the substrate on green bean plants leaf gas exchange parameters 60 days after sowing Values expressed as mean ± SD (n = 5). Values within a column followed by the same letter are not significantly different at P < 0.05. A net photosynthetic rate, E transpiration rate, g s stomatal conductance, A/g s intrinsic water-use efficiency, C i internal CO 2 concentration
Substrate (S)
A ( carotenoid content, as previously reported (Krauss et al. 2006) . The evaluation of the content on soluble sugars and proteins of green bean pods grown in the different substrates did not result in significant differences between them (Table 4) . These values can be considered analogous to those formerly recorded with the other green bean varieties (Singer et al. 2002; Sánchez-Mata et al. 2003; Sanchez et al. 2004; Proulx et al. 2010; Ramírez et al. 2013) .
Total phenolic content and antioxidant activity
The quantification of total phenolic content and the evaluation of the antioxidant activity of the green bean pods grown in different substrates did not show significant variations (Table 5) , with the exception of the FRAP assay.
For the total phenolic content, values ranged from 0.84 ± 0.12 mg GAE/g of fresh weight, in the pods from the C substrate, to 1.00 ± 0.24 mg GAE/g, in the pods form the AM substrate. These values are comparable to those reported by the other works (Zhou and Yu 2006; Turkmen et al. 2005) . These authors indicate a content of around 6-8 mg GAE/g, and 3.5 mg GAE/g, but expressed by dry weight. Considering an average amount of water in green bean pods of 90% (data not shown), our values will be ranging from 7.7 to 10 mg/g dry weight. The antioxidant activity measured using the FRAP radical scavenging activity assay was affected by the substrate used (Table 5 ). Values ranged from 3.39 ± 1.33 µmol Trolox/g fw to 5.32 ± 1.36 µmol Trolox/g fw, in pods from the AS and C substrates, respectively. From this study, although difficult to put in perspective, due to the few works currently available for this specific parameter in green bean, appear to be higher than previously reported. In fact, some works detected lower antioxidant activities for green bean pods (Wolosiak et al. 2011; Baardseth et al. 2010) , that can be related to the different analyzed cultivar, or due to variations on the extraction and quantification methodology between works, rather than linked to the tested substrates. Regarding the ABTS and the DPPH antioxidant assays, no significant variations were observed between the tested substrates. As for FRAP, lower results for ABTS and DPPH were found in the previous works (Ou et al. 2002; Wolosiak et al. 2011) , which can be also associated with the different extraction and quantification methodologies.
Conclusions
The present results indicate that the use of almond shell, without further processing, as an alternative substrate for the growth of green bean is a viable approach. By one hand, the use of a 1 cm mulch of almond shell does not significantly change production and pod dimension, as well as total phenolic content and antioxidant activity, while increasing plant growth. However, it reduced significantly photosynthetic rate of plants. In contrast, the use of almond shell mixed with peat, although leading to smaller plant, does not change yield, but reduced pod dimensions. However, leaf gas exchange parameters are improved, as was the amount of carotenoids present in green bean pods. These results indicate some positive effects of the use of almond shell as an alternative substrate for the growth of green bean that must be further explored. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. 
